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[57] ABSTRACT 
The invention provides a thermal design of a catheter 
where the active electrode is partially covered by a beat 
conducting and electrically insulating heat-sink layer 
for localizing and controlling an electrical heating of 
tissue and cooling of the active electrode by convective 
blood flow. The invention further comprises a current 
equalizing coating for gradual transition of electrical 
properties at a boundary of a metallic active electrode 
. and an insulating catheter tube. The current equalizing 
coating controls current density and the distribution of 
tissue heating. 

33 Claims, 5 Drawing Sheets 
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1 2 
itt rrTDtp a r nlWfru „ TO boundary layer, stays close to the basal temperature. • 

ELECTRICAL HEATING CATHETER Some cooling of the catheter tip takes place due to 

' . JS . i forced convective cooling caused by fast flowing blood 

52? W a 15 * ?^an a ' * "H""*" , Ser - ?*a « chamber. The active electrode temperature 

07/563,562 filed, Aug, 3, 1990, which is a continuation- 5 is the result of the balance between such conductive 
in-part of .application Ser. No. 07/435,361, filed Nov. • heating and convective cooling. 

™ 9 * ^i 1 !™ ^a- continuation-in-part of application In onepreferred embodiment, the heating- and- cool- 
a * ffled *° V ' W 1988, MW US ' PsU ' Na in « of Active electrode, for the purpose of tip tem- 
4,945,912. perature regulation and improved tissue temperature 

BACKGROUND • 10 control > 58 carried out by covering the active electrode 

. . ■ <■ « » t wJth thermally conductive and electrically insulating 

An dectncal heating catheter is a tube-typically be- material. It is therefore appropriate to review the use of 
tween 1 and 10 mfllimeters in diameter used for inser- dielectric coatings in catheter art and to point out the 
tion mto biological structure and equipped at the distal fundamental difference between the preferred embodi- 
end with one or -more electrodes and at the proximal 15 ments and the catheter microwave radiator art 
end with electrical connectors for application of elec- Frequencies for powering heating catheters range 
tnc power. Electrical heating catheters are useful in from dc to microwaves. It is customary to divide the 
many medical applications, e.g., for hyperthermia treat- spectrum of operating frequencies into conductive and 
ment of cancer or for cardiac ablation of arithmogenic radiative regions because of fundamental differences of 
tissuem the endocardium. In such medical applications 20 implementation in these two regions. The dividing fre- 
it is desirable to maintain a fairly uniform generation of quency between the two regions depends op the charac- 
neat m a controlled volume of tissue adjoining the cath- teristic admittance of the tissue surrounding the active 
cte f- . M . electrode: The conductive region is defined by operat- 

A radiofrequency <RF) cardiac ablation catheter is ing frequencies where the conducrivity term dommates " 
presented here as a preferred embodiment. Catheter 25 Alternatively, in the radiative region the dielectric term' • 
ablation is a non-surgical method of destroying an arr- . dominates. For blood and muscle, the dividing fre- 
hythmogemc focus tissue in the endocardium. Typi- quency is approximately at 400 MHz. The conductive * 
cally, an ablation catheter is introduced percutaneously region corresponds to dc to 400 MHz; the radiative 
and advanced under fluoroscopic guidance into the left region corresponds to * microwave frequencies above 
. heart ventricle. It is manipulated until the site of the 30 400 MHz, 
earliest activation is found, indicating the location of Implementation of catheter heating applicators for 
problem tissue. RF power is then applied to the distal the radiative and the conductive region is quite differ- 
catheter electrode. The heat in the vicinity of the elec- ent In the radiative region, the heating applicator acts- 
trode destroys the .cardiac tissue responsible for the as an antenna causing electromagnetic wave propaga- 
arrhythmia. t ^ ^ 35 tion into the tissue. The art of radiative catheter heating 

_j_E^emjerature boundary between viable and non- ; applicato rs, relying on wave propag ation, is quite rich 

_ v»ara tissue is approximately 4T Centigrade, Tiw " ^ ^a£ 3ifefi5t. MEBm^k m sb mlSg:::- 

heated to a temperature above 48 C is non viable and • An example of a radiative catheter heating applicator ' 
defines the ablation volume. For therapeutic effective- using a resonator, is described in the UK Patent Appli- 
ness the ablation volume must extend a few millimeters 40 cation GB 2 122 092 A by J. R, James, R. H. Johnson 
.into the endocardium and must have a surface cross-sec- A, Henderson, and M. H. Panting. James matches a 
ton of at least a few millimeters square. The objective is wave impedance of a resonant radiator, in a* mode cor- 
to elevate the basal tissue temperature, generally at 37° responding to multiples of a quarter wavelength to a 
7ol S / umform, y to ablation temperature above wave impedance of surrounding tissue, by appropriate 
Z* C, JiS5 , 2 8 however the hottest temperature 45 selection of (1) an electrode coating size, (2) a coatinjz 
below 100 C At approximately 100* C charring and dielectric constant, and (3) a coating magnetic permea- - 
desiccation take place which seriously modifies the bility. Neither thermal nor electrical conductivity of the 
electrical conductivity of blood and tissue, and causes coating is a. part of James's design." It should also be 
an increase in the overall electrical impedance of the noted that the coating in James has both uniform thick- 
electrical heating circuit and a drop in the power deliv- 50 ness and uniform dielectric properties. 
cry to the tissue. Charring is particularly troublesome at In the conductive region, there is no electromagnetic 
the surface or the catheter electrode, since the catheter wave propagation and so techniques relying on wave, 
must be removed and cleaned before the procedure can . length resonance and matching of wave impedance are 
continue. . t . ' a * not applicable. Also in the conductive region, especially 

In cardiac ablation catheters, the operative electrode 55 in the lower frequencies below 1. MHz, the capacitive 
is typically metallic and is located on a distal-tip end of impedance of a typical dielectric coating is so high, in 
the device. This electrode which serves as the heating. . comparison with the tissue impedance, that a dielectric 
• applicator is referred to as an active electrode. Such an coating, in effect, prevents a current flowinto the tissue, 
active fectrode is the source of electrical or electro- Typical state of the art catheter beating applicators 
magnetic field, which causes heating of neighboring 60 for the conductive region, such as the United States 
tissue. Even though no significant amount of heat is Catheter Industries (USCI) catheter shown in FIG L 
generated in the electrode itself, adjacently heated en- and described in detail later, has an active electrode at 
docardjal tissue heats the electrode via heat conduction ' the end of the catheter rube and possibly ring electrode 
through the tissue. . or electrodes around the diameter of the tube. Elec- 

The field generated by the active electrode also heats 65 trades are connected to the proximal end with a thin, 
the rapid blood flow an the heart chamber, which how- flexible wire. 

ever very effectively carries away this generated heat One undesirable feature associated with such a state- 
so that the flowing blood temperature, except for the of-the art catheter is a formation of hot spotsaldng the 
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circular junction of the active electrode with the insu- 
lating catheter tube due to a sudden transition of electri- 
cal properties at the boundary.- For example, an article 
"Catheter ablation without figuration: Design and 
performance of a new system", A. J. Ahsan, D.- Cun- 5 
ningham, E. Rowland, and A* F. Rickards. PACE. Vol. 
12, Part IX, January: 001-005, .1989 ("Ahsan") shows 
such formation of hot spots along the circular junction 
of the active electrode with the insulating catheter tube. 
To remedy this problem, Ahsan suggests a cylindrical 10 
electrode with hemispherical termination at both ends. 
The problem with Ahsan's solution is that the electrical 
connection to such an electrode breaks the smoothness 
of the surface and so generates a hot spot at the junction 
of the wire with the hemisphere. ' 15 

The other undesirable feature of the state-of-the art 
catheter heating applicators is that there is no provision 
for cooling of the active electrode and as a result, maxi- 
mum temperature is reached at the electrode and the 
resultant charring frequently fouls the electrode during 20 
a procedure, The temperature profile taken along the 
axis of the catheter as it extends into the tissue, similar to 
that shown by the dashed line in Graph (A) in FIG. 2, 
has been studied by D. E. Haines and D. D. Watson. 
(PACE Vol. 12, June: 962-976, 1989) and is described in 25 
some detail later. It will suffice here to observe that 
state-of-the-art catheters exhibit the highest tempera- 
ture at the active electrode and therefore worst char- 
ring occurs at the active electrode-tissue boundary. 

SUMMARY OF THE INVENTION 30 
The invention provides a thermal design of a catheter 
where the active electrode is partiaUy. covered by a heat 
conducting and electrically insulating heat-sink layer 
for localizing and controlling an, electrical heating of 35 
.tissue and cooling of the active electrode by convective 

ing of the active electrode. The cooling provided by the 
heat- sink layer also increase the depth and volume of an 40 
ablation region. 

Without the heat-sink layer, as the size of the active 
electrode increases, the cooling area expands. Simulta- 
neously, the area of current flow increases, thereby 
increasing the overall heating volume, decreasing the 45 
precision of localization of electrical heating; and lead- 
ing to an undesirable increase in the overall heating 
power required for ablation. 

Additional cooling of the active electrode can be 
provided by increasing the diameter of an electrical 50 
power supply wire, to a cable size so that the cable can 
carry a significant amount of heat away from the active 
electrode and dissipates it along the catheter shaft. 

The invention further comprises a current equalizing 
coating for gradual transition of electrical properties at 55 
a boundary of a metallic active electrode and an insulat- . 
ing catheter tube. The current equalizing coating con- 
trols current density and the distribution of tissue heat- 
ing. Absence' of an abrupt transition in the electrical 
properties at the catheter .tissue boundary, smoothes 60 
heat generation and reduces hot spots in tissue. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 schematically shows a state-of-the-art catheter 
system and, in detail, a catheter electrode with the re- 65 
suiting tissue heating power density pattern adjacent to 
the electrode, indicating formation of a hot spot at the 
base of the electrode. 



FIG.. 2 shows a temperature profile along the exten- 
sion of the catheter axis into the tissue, produced by (A) 
the state-of-the-art catheter, and by (B) a catheter with 
heat sink. - 

FIG. 3 shows an active electrode with a conductive 
skirt around the base of the active electrode and shows 
the resulting equalization of heating power density dis- 
tribution. FIG. 3 also shows a wire implementation of 
the heat sink. 

FIG. 4 shows a heat sink in the form of an electrically " 
insulating and thermally , conductive film on an active 
electrode. 

FIG. 5 shows a bipolar catheter with a current equal- 
izing coating. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 
Materials used for the design of the catheter can be 
conveniently divided into three ranges of electrical 
resistivity. Metals or metallic materials have resistivity 
of the order 10- 6 fl-cm to 10- 3 fl-cm, The term "con- 
ductive" material is used here to describe intermediate 
materials in the range of resistivity between 10- 3 fl-cm 
and 10 s O-cm. Materials with resistivity larger than 10 s 
ft-cm are referred to as dielectrics or insulators. 

FIG. 1 shows a state-of-the-art electrical catheter 
with an active electrode similar to the standard (USCI) 
.catheter quoted in Ahsan, and referred to in the Back- 
ground section. The active electrode serves as a heat 
applicator in distinction to other electrodes which may . 
also be placed on the catheter. A plastic catheter tube 10 
connects at a distal end to an active electrode 11, typi- 
cally made of Platinum. Wire 12 is electrically con- 
nected between the active electrode 11 at. junction 13 
and, at the proximal end of the catheter, to an electrical 
power source 15, at terminal 14. To maintain flexibility, 
wire-124s thin*- typicaJ-size-is-28-gage copper wire, with _ 
n-O^TniUrmeter-diaraetepr- 



The connection at the proximal end of the catheter to 
the electrical power "source IS can be between two 
electrodes en. the catheter (bipolar connection, seen 
later in FIG. 5), or between one active electrode and a 
large, neutral external skin electrode (unipolar connec- 
tion). A unipolar power supply connection is completed 
in FIG. 1 by connecting an external skin electrode 17 to 
a neutral power supply terminal 16, The frequency of 
operation of the power supply is 450 kHz. 

A pattern of dashed lines and associated numbers 
with a "% M symbol, on the outside of tube 10 and active 
electrode 11 represent contours of equal heating power 
density. The percentages associated with pattern lines 
indicate the relative magnitude of electrical power dissi- 
pation in the tissue, with the relative scale adjusted, so 
that 100% represents maximum dissipation, , and 0% 
represents dissipation at a distant neutral boundary. It 
should be noted in FIG. 1 that the maximum dissipation 
ranging from 100% to'93% is in the immediate vicinity 
of the junction between the metallic active electrode 11 
and insulating catheter tube 10. Tissue adjacent to the 
tip of the active electrode 11 is only in the 63% heating 
density region. The hot spot at the junction of active 
electrode 11 and tube 10 acts as an undesirable focus for 
charring. The temperature of tissue along extension 18 
of the catheter axis beyond the tip of active electrode 11 
is discussed in connection with FIG. 2. ' 
' Graph (A) in FIG. 2, shown as a dashed line, is a 
temperature distribution along extension 18 of the cath- 
eter axis produced by the state-of-the-art catheter heat- 
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!{££!? ter ? !u° Wn i n n °; h"" 16 '.enVfature fa highest . to cable 26. If axial flow is desired the layer is insulted 

directly at the surface of the active electrode (distan- from the cable 26 and electrically joined I to its neigh- 

ce=0). In operation, power is typically increased in bors. B 

order, tp increase the ablation volume until impedance Thefl'oWofheatfromthe'electrode20isaidedbythe 

tSZFJZJZ^SZL if v°v°T. 0 ^ Char,mS - S j nce * e 5 fa ^««>«sectionofcable26.Theheatnowp a ,hin ft 
tissue temperature is highest at the active electrode cable .heat sink Implementation, shown in FIG 3 is 
surface the charring is most likely to take place there. completed by modification of the catheter tube 24 to 
Charnng frequently necessita.tes the removal of the increase thermal conductivity ftom cable 26 to the Ton? ' 

* • r . • side tissue. The heat conductivity of a plastic elastomer 

JSMST? : ° f * i e .*J n ^ ldes, »'. 0 f'»»'«togcath. 10 material for tube 24 is reduced by embedding heat con- 
l»h^SS^ f, f? tQ 3 temper - du * ive particle ? » «»aterial. ^ region between 
SnT^t STSJfSf 1 - W ^ 6 ?' 11,8 tbne • cable 26 and the 24 fe ^ he" conduc- 
S2L^£fe£ ^ft2T"^ - BWay < S om tivepaste 27.The technology of improved heat conduc- 

* , i!^ 06 s 2- that pairing does not foul * e tivity plastics, and the technology of heat contrive 
active electrode surface: Graph (B) id FIG. 2 shows 15 pastes^* well established m^KS S 
such a temperature-profile. Graph (B) is described later Techniques for solid state devices. In thecaWe ta£ rink 
FIoT^^ a ^ tS ^ CatheterdeSi8nSh0WaSn "Cementation above, heat dissipated fa ftHssue 

„_ J ru *' , . , heats active electrode 20. Active electrode 20 in tum Is 

d^i -SET 13? t r 722 ^f r ? VCd J lectrical and »y ""I outflow along cable 26. ftroLgh Oie 

thennal design. Awal bhnd hole 21, m active electrode 20 conductive paste 27 and a wall of catheter tube 24 to the 
20. houses a metallic cable 26. Comparing FIG. 3 with blood and tissue surrounding tube 24 
the state-of-the-art catheter n iFIG. 1, cable 26 provides FIG. 4 shows an alternative heat sink design. The 
SEME'S? S^FTX n a = tiv e.e'ecttode 20. as mounting of cable 26 and tube 24 to active Sode28 
tL^JLn the wire 12. the cross and-mefunction of conductive skirt 23 is substantially 

E£ ™ J ^ £ * " muc -h neater, and is typically at 25- the same as described in conjunction with FIG 3 Ac* 
-25 of the cross^ction of active electrode 20. tive electrode 28 in FIG. 4. preferably madeftom sUver 
Fle»bfl«y of cable 26 is mainntined by stranded xir which is the best heat conductor. haTdifferem shape 
" ^T a ^ n ^v ^f 0m ^P e metallic conduc- from active electrode 20 in FIG. 3: Active ele«rode 20 
tors. Cable 26 provides a much greaterheat conduction is longer and is shaped to seat a cylindrical film heat sink 
awayfromact,veelectrode20andmtocathetertube24. 30 29. The heat sink film 29 is el JtricaUy i msuJaS wd ' 
thereby reducing a temperature rise of active electrode thermaUy conductive. insulating and 

20 during operation. Cable 26 also provides a range of The distal end of active electrode 28 provides a bare 
possibilities ^for movable support of active electrode 20. • metal interface to tissue, generating a heating patten! 
Catheter tube 24 is ; firmly seated on a undercut protrud- just as active electrode 20 in FIG. 3. When compart 
mg proximal end^S of active electrode 20. ■ 3 5 with FIG. 3. the interface between cylmdricil fito he« 

—A ctiv e elecuo d e. 20 is tapered at its base 22 with a . sink 29 and the ex ternal blood flow provides an added 

.Ja pereq mm ot W degrees. Conducts enoxv B ~ c7j5BnFgtSSgm 7T he amount dl he Z * 

tapered region and forms a conductive skirt 23. The independently controlled by the ratio ofthe electrically 

contours of equal heating power density, are shown in interacting bare electrode area to the heat rink ara 
FIG. 3 for conductive epoxy with reristivity of 150 40 The overall effectiveness of the heat sink is deter- 
fl-cm. The power density percentages, are scaled the mined by the thennal conductivity of film 29 and by the 
^^/S^^^^^^r^^ • heat a™ 1 * coefficient.- The heit tranSfeScient 
™JSffi ?? ^ty"* 6 junction of active electrode 20 associated with the thennal boundary layer in forced 
stated t£ L^«,r V wn h ^ COn ! pared ^ ith ,he • «"«v«tion ofheat between the catheter surface andfte 
state-of-the-art . catheter- in FIG. 1 due to a graduated 45 adjacent blood flow, fa determined by thermal and hy* 
"PPe?^ presented to the surface current flow, pro- drodynamic properties of blood. As long asThe thermal 
vtded by the wedge-shaped cross section of conductive conductivity of film 29 is significantly S 

£J?' „^„. ,„„ . „ „, heat transfer coefficient of the heat convection of the 

Such a gradual transition between metallic and insu- blood flow, the heat rink is close to optimum desisn 
latmg surface properties for heating equalization can be SO Implementation of heat rink film 29 by a 0 025 1 
accomplished by alternate means to those described plastic tube meets this requirement. ' 
ab ?^e- "J"* 6 example, conductive skirt 23 is made of The design in FIG. 4 provides very effective forced 
rSSSfSSf W ^Jf* e i eC ? Hcal pr0perties - co-vectlve moling by the flow of b7o£ wUle £2 
J^T P .transition fa implemented by same time, allows full control over the size of the area 
^«~rf^ e ,r^i a ^ ' a 5 er r than # radw,ted ss which generates the electrical current flow. It-wOl he 
£ rfa = e r „ e f s ^e a h°ve. A start «n the form of a tapered noted that the active electrode in FIG. 4 can also com- 
sncT ^Z,^^ 6 ^ ^^P 1 ** • P.^e the-impedance skirt 23 which prevents the forSa- 

^JFS^iSLSS^ 1 ^ miplementation. e.g., tionofa hot spot at the juncture where active electrode • 
e^^in^nfSi tama,U,n 03t,de mm ' dis - 28ai ra electricallyin S ulatmgfilmheatrink29meet?rhe 

^ta^nffS,?' - .v- • „v » capacitive impedance skirt implementation en be fan- 
w^XT^E? not , b . e aecomplished plemented using the same material as heat rink film 29 

& Z a ? b » 1 "JL* faCt f ^ int ° the b0dy 0f 26 ' att aehed to active electrode 28 provides adtiil 

W aO0,h ^ ^"tentation, the active tional. cooling of active electrode 27 by allowing the 
electrode is built from axiaUy layered regions of differ- heat flow into the catheter tube, as previously -discussed 
ent electneal properties. The direction of current flow 65 in conjunction whh FIG. 3 

^i^nJ^t^LT^ 0 ^ to.h^ivldual layers. If An attractive heat sink/impedance skin implementa- 
ESS J£Z " d ? Slr 1 <5 } - the « separated from ite ' tion involves a tantalum tube 30 (shown dashed in FIG 
neighbors by an insulatol- and is connected in the center 4) which fa pressed onto active electrode 28 and so 
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maintains a good thermal and electrical contact with 
active electrode 28. This tantalum tube is covered by a 
0.5 jnn thick film of tantalum oxideon its external sur- 
face and is graduated to 0 thickness in the skirt area 

It is well known from the technology of tantalum 
capacitors that a tantalum film only 0.5 urn thick is 
adequate to provide an electrical insulation with a 
breakdown voltage in excess of 350 volts. The relative 
dielectric constant of the tantalum oxide film is 27.6 and 



8 



P E t0 Jr e fassue - At 9X1 operating frequency of 300 kHz, 
this film represents a capacitive reactance of 60 kfl. 
When compared with the resistance of the active elec 
trode metal-tissue interface, which is of the order of 100 



electrode gap is reduced, the external field intensity is 
equahied. and the radial penetration is improved. A 
capacitive coating, made from a dielectric, exhibits a 
smallest capacitive impedance near the inter-electrode 
5 ' gap' and accomplishes field equalization similar to the 
resistive coating. There is, however, significantly less 
heat dissipation in the capacitive coating than in the 
resistive coating. 
While certain specific embodiments of improved 



20 



nificant, and film 29 in effect blocks the current flow 
between the oxide covered tantalum tube 30 and the 
surrounding tissue and so eliminates electrical heat gen- 
eration tn the tissue surrounding the tantalum oxide heat 
exchanger. • 

The same tantalum oxide film 29 has a thermal con- 
ductivity of 0.3 watts/(meter C). For the specified film 
thickness of 0.5 urn and film area of 12.6 mm*, oxide 
film 29 represents a large thermal conductance of 75.6 
watts/C°, which is very adequate for an efficient heat 25 
sink. 

Graph (B) in FIG. 2 shows the temperature distribu- 
tion along projection 31 of the axis beyond the distal 
end of the catheter for an optimized heat sink design in 
S£* J. Comparison of Graph (A) and Graph <B) in 30 
FIG. 2 indicates the superior features of 1 the heat sink 
catheter: The peak temperature is no longer at the cath- 
eter surface. The ablation temperature is reached some 
distance from the catheter surface. Also the ablation 



— wccji uirciosea in 

the lorgomg description it will be understood that vari- 
ous modifications within the scope of the invention may 
occur to those skilled in the art. Therefore, ii is intended 
that adaptations and modifications should and are in- 



much.larger. 

inodifkation ot the ratio of the el ectrically interacting 
bare metal" active electrode area 32, to the heat sink area 
29, and so can be optimized for the requirements of the 40 
specific medical procedure. 

5 , shows a P roxiina * ring electrode 75 and a 
distal tip electrode 76, mounted or plated on a catheter 
tube 74 and shaped very similarly to the currently used 
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range of equivalents of the disclosed embodiments: 
What is claimed is: 
1. An electrical heating catheter comprising: 
an electrical cable housed in an electrically insulatine 

catheter tube; " 
the electrical cable adapted to be connected at a prox- 
imal end to a source of electrical power; 
an active electrode including a metallic material; 
the electrical cable connected at a distal end to said 

active electrode; 
a graduated electrical impedance coating on the ac- 
tive electrode for providing a smooth transition of 
. surface current density between said metallic mate- 
rial of the active electrode and a material of the 
electrically insulating catheter tube. 
'2. An* electrical hearing catheter in claim 1 wherein 
said coating comprises a material with substantially 
uniform electrical properties and a varying thickness. 
3. An electrical heating catheter in claim 2 wherein 



T.j- . — * — «««wwwwu U) Willi J- 

tamed by a twisted pair transmission line 77* Unlike 
currently u&M catheters where the electrodes are made 
from plain metal, proximal ring electrode 75 and distal 
tip electrode 76 have their notallic surfaces coated with 
control coatings 79 and-78 respectively. Optionally, the 50 
gap between proximal ring electrode 75 and distal tip 
electrode 76 can be filled with gap coating 70. (Thick- 
ness of coatings is exaggerated in FIG. 5 for the sake of 
clarity.) 



& An electrical, heating catheter in claim 2 wherein 

tid materiahof^said- co ating^is-a--cermeti 

~ 5. An electrical neaong cauieter in claim 2 wherein 
said material of said coating is a plastic. 

6. An electrical heating catheter in claim 2 wherein 
said material of said coating is a metal oxide. 

7. An electrical heating catheter in claim 2 wherein 
said coating with said varying thickness comprises a 
conductive skirt surrounding a base of said active elec- 



pacine catheters An 4~*riM ~« • . «maucijve swrt surrounding a base of said active elec- 

^dfc?? JS£.H ? e f trical . «?»nection in main- 45 trode, the skirt characterized by a wedge-shaped cross 
tamed by a twisted pair transmission line 77, Unlike section with a w m» r*^ Z^Z^S^Ff. * 



function of the axial distance from the inter-electrode 
gap, being thickest along the edges of the inter-elec- 
trode gap and thinning away from the gap. The electri- 
cal properties of the uniform thickness coating 70 can be 



— ~j M wwu^-juapcu cross 

section with a wide face of the wedge against a junction 
with said electrically insulating catheter tube and a 
pointy end of the wedge against said metallic material of 
said active electrode. 

8. An electrical heating catheter in claim 1 wherein 
said graduated electrical impedance coating comprises 
an electrical material of a substantially uniform thick- 
ness and.a spatially varying electrical impedance. 

9. An electrical heating catheter in claim 1 wherein 



coatings, the strongest E z field in adjacent to the Inter- 
electrode gap. The coatings, by changing the surface 
impedance, equalize the external electric field and im- 
prove radial penetration of the field 



. ~ , - ~ ~ — z ^aiiug ^uuipnses 

axially stratified layers, each layer of a substantially 
constant impedance, and an impedance value graduated 
from layer to layer. 
10. In a catheter for electrical heating, comprising an 



Coatines 7a 7o ™a *m *1 u . ... necieo at its distal end td said active electrode saic 



• material or from a dielectric. A resistive coating intro- 
duces the highest resistance close to the inter-electrode 
gap. As a result, the external field adjacent to the inter- 



eter transmission line having a proximal end and a distal 
end, said line being adapted to be connected at its proxi- 
mal end to a source of electrical power and being con- 
nected at its distal end td said active electrode said 



dium, said catheter characterized by: 
a graduated impedance coating deposited on a sur- 
face of the said active electrode for shaping an 



,5,257,635 



electric field in the lossy medium outside of said 
electrode and coating being heat conducting and 
•electrically insulating,, said coating controlling. an 
electrical heating of tissue and cooling of said ac- 
tive electrode by convective blood flow. 
11. A catheter for electrical heating in accordance 
with claim 10; wherein said graduated impedance coat* 
ing comprises a resistive coating of a varying thickness 
deposited on the metallic material of said electrode. 



10 



• 12. A catheter for electrical heating in accordance 
with claim 10, wherein said graduated impedance heat 
sink coating comprises a dielectric coating of a varying 
thickness deposited on said metallic material. 

13. A catheter for electrical heating in accordance 
with claim 10, further comprising a graduated electrical 
impedance coating located in a gap and electrically 
interacting with said active electrode. 

****** 
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Ra Radiator Electrode - Concept Analysis 



Background: 



The catheter RAD department has done preliminary evaluations of a radiator electrode throughout the 
year The radiator electrode concept employs a grooved surface. This grooved surface increases the electrode 
surface area. This mcrease m surface area may allow greater convective cooling that could in turn allow the 
"im* electrode to maintain lower temperatures at higher power settings. It is thought that this cooling effect 
could potentially lead to the generation of larger and deeper lesions. 



t jm= . , . . - : . . . ■ _ v-Tirongh-&e-i3se-ofPio/E — 

IT^J 1 ^^ J^^V^ of &° 0 ™ were dee P^ ™* electrode design is shown in 
£ ^^^:RAI^MODiq. This geometry increased the surface area by 41% relative to a standard 
8mm electrode. The previous design evaluated increased the surface area by 5%. 



Objective: 



.1 ^ objecuye of this study was to evaluate the effects of the increased surface area of the radiator 
electrode on electrode temperature and lesion depth/ In addition, the effect of electrode mass on lesion 
development and electrode temperature was also evaluated Hie electrode concept was evaluated at varying power 
semngs and varying convective flow conditions. Control runs were made of five other electrode c^rnigurations: 

1) electrode wito me sam^ 

2) 8mm electrode -solid 

3) 8 mm electrode - shell 

4) 4 mm electrode -solid 

5) 4 mm electrode - shell 

These ^configurations are shown in Table (1). The results of radiator electrode analysis were compared to the 
analysis results obtained with these configurations. 



■fe.Q'aa-S S "85 {& ,13'32BB3 



Drawing: RAP-MOD 1 0 




Table 1. Electrode Configurations 



Electrode Type 




8mm Radiator Electrode 
(41% More Surface 
Than Standard 8mm Electrode) 



Surface Area ( in 2 ) 



Volume ( in 3 ) 



.1285(Solid) 
.1285 (Shell) 



.00143 (Solid) 

.00051 (Shell) 
(.0039" Thick) 




8mm Electrode 
ffflwa Afare RadiatorXlectrode) 



mmmm 




— Smm^cctrode^SeKd^ 



agar 

8 mm Electrode - Shell 
flftiff Thickness ■ .0061 ") 



itpr 




4mm Electrode - Solid 



1 




4mm - Shell 

f fft2fl Thickness - .006"/ "J 



.0910 



.00143 . 



.0910 



.00199 



.0910 



.00053 



.0455 



.00095 



.0455 



.00026 



3 



Model Description 



simplified 2ff £ n^odel consisted of an etetrode, plastic tip, tissue block, and blood field. Figure (I) depicts this 
s^phfied model The material properties used in the modelare listed in Table (2). Due to the syrnr^erry of mT^m^v «n 
axisymmernc model was used The following boundary conditions were used m the model? 8 - 

Dirichlet boundary conditions set at the surfaces: 

Outer surface - 0 volts 

Outer surface ~ 37° C 

Electrode surface - 5 volts to 75 volts 

Convecdveboundarycortdmonsetahngelec^ tip-blood interface, and tissue-blood interface: 

H=.002to.l25 
The initial temperature of the model was set to 3fC 



Blood 



Boundary Conditions: 
, Outer Surfaces - 0 V 
Outer Surface sl-._3.7-C 



(Electrode Voltages Set: 
Electrode 




Xonyective Boundary Condition at 
-Electrode, Tip, and Tissue Surface 



H-.002 Lower Flows 
H « .004 Moderate Flows 
H=. 125 Higher Flows 



Figure 1. Model 
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Model Description (continued) 

The following bio-heat equations were solved through the analysis. Equation (2) is the Laplace equation 
for voltage potential. This equation was solved to detennine the.potential field established by each electrode 
configuration. For each electrode-geometry, the potential field at a constantpower setting is depicted in Figure (2). 
The potential field results were used to solve the heat equation in which joule heating, conduction, and convection 
are considered ' 

pcdT - JcV 2 T+JE-h bl (T-T hl ) m 

dt ' 

<tV 2 V=0 ( 2 ) 

J=aE=-aVV (3) 

p (density - kg/m 3 ) 

c (specific heat- J/kgAK) 

k (thermal conductivity-W/mAR) 

J (current density- A/m 2 ) 

E (electric field density- V/m) 

h bi (corrective heat transfer coefficient) 

T(°C) 

T hx (temperature of blood-S7°C) 

V(potential distribution) 

a ( zlectrical conductivity-S/m) 



Runs 



ran „„ ■ Vol ^<» values ran^ng between 25V and ^5V have been'observed in clinical settings. Therefore this 
range was explored Values below 25 volts were explored to understand the minimum power re^keSs for 
lesion generation for the varying electrode geometries. For each electrode-geometryX^o^cX^ 
were perfomred at foe settfo^ depicted foTabte 

Table 3. Vol tage and How Setfing for Analysis Runs 




Thefollowing fieldresults were obtained for each electrode-geometry at the above run conditions: 



Potential Field 
Temperature Field 
Current Density Field 



iis of the temperature fields at the end of a 60-second period, the following values were tabulated: 

Maximum Tissue Temperature 
Maximum Electrode Temperature 
Minimum Electrode Temperature 
Lesion Depth 

t^T^^T ^ ° f jOUle heat &sipation ^ aUowed the calculation of power, current, and 
impedance values. The equations used for these calculations is shown below: 



Model Analysis Calculations 



Power 



JE 



Impedance = 



Time Interval 
V 2 



Power 
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Analysis Description 

A transient analysis was run using a full Newton method. The time increments for each analysis were • 
determined automatically. The step size for sixty-second ablation simulations ranged from .0012 to 2 seconds. 
The average mesh size for the runs was about 3 mm. Figure 3 shows an example mesh. 



Results and Discussion 
Operation Parameters 

The power > voltage, maximum electrode temperature, and rrunimum electrode temperature were determined for 
^^^*f!f tem P era ^ res ran ^g between 5 5 0 C and 95°C. These values are shown in Table (4). This table was developed 

andpower ranges for data comparison. Comparisons of the lesion formation 
and cooling effecte for the various electrode geometries were evaluated within these ranges. Table (4a) and Table (4b) show the 
operating parameters at H values of .002 and . 1 25 repsectively. ■ . K } ' 




in 



Tabic (4A) . Operating Parameters for Various Electrode Configurations (H=.0Q2) 

65*c ~ 



Maximum Tissue Temperature 



Power (W) 
VohagcQO 



Electrode Temperaiure( "C ) 
Mm Electrode Temperature ( *C ) 



Lesion Depth (mm) 



Power (W) 



Voltage (V) _ 

Max Electrode Temperantre( "C7 



Min Electrode Temperature ( 'Cj~ 
Lesion Depth — — 



55°C 



1730 



53.70 



52.20 



22.40 



63.10 



60.80 * 



2.13 



26.45 



72.50 



69.40 



3.0S 



9.90 



29.70 



82.10 



78.10 



3.65 



18.10 



55 JO 



51.90 



23.00 



65.50 



60.10 



2.22 



76.00 



68.60 



3.11 



3030 



86.40 



77.10. 



3.73 




12.00 



32.90 



91.70 



86.90 



4.12 




t.60 



33.60 



4.22 



Power (W) . *^*t^mm^^^m^^. 










Voltage (V) : : " 


7.55 
20.80 


12.10 
26.60 


1635 
30.95 


1 - ti.vs 
35.20 


25.55 
. 38.60 


Max Electrode Temperature( "C ) ' 


55.10 


. '6S.40 


' 75.80 


8630 


96.90 


Min Electrode Temperature ( C ) . 


4930 


56.40 


6330 


70.60 


• 77.95 


Lesion Depth 7 — 


139 


2.66 


334 


434 


- 4.77 


Power (W) ' ■ ^^^^^^^^ 












Voltage (VI : " ' 


. 8.20 
21.50 


12.90 
2730 


17.55 
31.95 


2230 
36.20 


27.1S 
39.80 


Max Electrode Temperature( *C ) 


59.70 


72.60 


85.70 


9930 


112.4 ' 


Min Electrode Temperature ( *C ) — — 


4730 


5330 


5930 


65.40 


71.10 


Lesion Depth 


1.49 ' 


2.72 


3.60 


430 


4.86 










Table (4B). Operating Parameters for Various Electrode Configurations (H=. 12S) 
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Results and Discussion (continued) 



• Electrode Cooling Effect 

Figures (5), (6), and (7), are graphs of the minimum electrode temperature vs. power curves for 
each electrode-geometry. The connective heat transfer coefficients are H=.004,H=.125, and H= 002 for 
Figures (5), (6) and (7) respectively. The radiator shell electrode design has a lower minimum electrode 
temperature over the power range for all convection-coerxicient values. This is due to the combined effects 
of increased surface area and lower electrode mass. The minimu m electrode temperature occurs in the 
portion of the electrode adjacent to the tissue. Therefore, the graphs show that with the radiator shell 
design, maximum cooling is achieved over this area for a given power input The solid radiator design is 
second most effective in achieving cooling over mis area for a given power input The cooling of the 8mm 
electrode geometries is less effective over this area due to the decreased surface area. The 8mm-electrode 
shell design was more efective man the larger m^ss 8mm electrode designs in the area adjacent to the 
tissue. The 4mm electrode designs were less effective in achieving cooling for a given power input The 
same pattern of behavior was observed for each convective heat transfer coefficient setting. 

Figures (8), (9), and (10), are graphs of the mayimnm electrode temperature vs. power curves for 
"each electrode-geometry. The maximum electrode temperature for the various configurations was located 
at or near the junction where the tip and the electrode meet This hot spot is due to the abrupt change in 
material properties and interlace geometry. The figure below shows the relative and approximate 
positioning of the maximum and minimum electrode temperature for a radiator electrode as an example. 
The temperature profiles for all corifigurations are shown in Figure(22). In Table (5), the effective cooling 
of each configuration is rated in regard to maximum electrode temperature. The Table shows that no 
consistent pattern is observed over the range of flow settings when evaluating the maximum electrode 
temperature. However, for convection-coefficient settings of HK004 and H=.0O2, the solid radiator design 
performe d better in regards to junction area. This suggests that the heating in this area is eff ected by the 
mass of the radiator design. The cooling-achieved by the increased surface areaseem^to compete with the 
spot heating that occurs at the tip junction. This data suggests that the most effective radiator design should! 
minimize this effect in order to arihfeve the greatest advantage. 



Location ot maximum ctccmxJc temperature 




Figure 4. Approximate Locations of Maximum and Minimum Temperatures 
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Table J. Cooling Effectiveness per Evaluation of Maximum Electrode Temperature 



Effectiveness Rank 


H=002 


Ji..U\J*t 




1 (Most effective) 


8mm Radiator Snliri 


OIXUU xvdUlalUi OUliit 

> 


52mm QnliH 

omiD ooixa 

51 mm TV/T«a tt*V\ckt\ 

oiixm 4-Txa(ciieci 


2 


8mm Solid 


8mm Solid 




J 


8mm Matched 


8mm Radiator Shell 


8mm Shell 




8mm Radiator Shell 


8mm Shell 


8mm Radiator Solid 


J 


8mm Shell 


8mm Matched 


4mm Solid 




4mm Solid 


4mm Solid 


8mm Radiator Shell 


7 (Xeort effective) 


4mm Shell 


4mm Shell 


4mm Shell • 
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Results and Discussion (continued) • . * 

Lesion Development 

Figures (1 1), (12), and (13), are graphs of lesion depths vs. minimum electrode temperature for each 
electrode-geometry. The convective heat transfer coefficients are H=.004, H-.125, and HK002 for the Figures 
(1 1), (12) and (13) respectively. These graphs show that the radiator designs will produce a-deeper lesipn for a 
given minimum electrode temperature. Therefore, in the region adjacent to the tissue,* the radiator design electrode 
will remain cooler than the 8mm and 4mm electrode configurations when creating the same depth lesion.-' Table 
(6) shows the radiator shell offers the best improvement to lesion depth for a given electrode temperature within 
this region. At a convection-coefficient of H=.002, the radiator shell design offers improvements of 1 2.6%, 
20.87%, and 33.9% to the solid radiator design, 8mm solid design, and 4mm solid design respectively. At higher 
flows (H= 004), the improvements increase to 41.9%, and 66.7% for the 8mm solid design, and 4mm solid design ' 
respectively. The improvements over die solid radiator do not change a lot with increasing flows since both 
radiator configurations have the same amount of surface area Table (6) and Figure ( 1 2) also show, that at high 
flows (HK125), for a given electrode temperature within this region, the radiator configurations are able to create 
lesions when the other configurations have not begun to generate a lesion at all. 

t 

Figures (14), (15), and (1 6), are graphs of lesion depths vs. maximum electrode temperature for each 
electrode-geometry. The convection heat transfer coefficients are H=.004, H=. 125 , and H=. 002 for the Figures 
(1 4), (1 5) and (16) respectively. These graphs show that the radiator solid designs will produce a deeper lesion for 
a given maximum electrode temperature for H=.002 and H=.004. Therefore, in the region where the electrode and 
the catheter tip meet (junction region), the solid radiator design electrode will remain cooler man the radiator shell, 
8mm and 4mm electrode configurations when creating the same depth lesion. At higher flow rates (H=. 125) the 
solid radiator design does not offer much benefit Table (7) shows that at a convection-coefficient of H=%002, the 
solid radiator design offers improvements of 13.7%, 7.7%, and 9.7% over the shell radiator design, 8mm solid 
design, and 4mm solid design respectively. At higher flows (H= 004), the improvements are 1 1.1%, 6.5%, 10.4% 
for the shell radiator design, 8mm solid design, and 4mm solid design respectively. These improvements to lesion 

depths are much lower than the improvements observed when evaluating lesion depths relative to minimum 

♦ el ectrode temperature. In addition, these improvements are not improved by in c reasing flow, except in the case of ' 
" ffie radiator shell at H==.125. For the radiator design, we would expect convective flow rates to influence the " 
improvement hi lesion depth for a given maximum temperature, this does not seem to be the case. Again this, 
seems to be reflective of the competing contributions of convective cooling and junctional heating in mis region. 

Figures (1 7), (1 8), (1 9), are graphs of lesion depth vs. maximum tissue temperature. These graphs in 
combination with Table (4), Table (4a) and Table (4b) were used to establish the appropriate ranges for the above 
graphs. In addition, these graphs and tables were used to establish the temperature maximum and minimum 
electrode values used in the development of Tables (6) and (7). 
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Results and Discussion (continued) - 

Electrode Temperature Histories 

Figure (20) is a graph of the minimum electrode temperature during a 120-second 
ablation period for all the electrode-configurations. The maximum tissue, temperature during the 
ablation for each configuration is 65°C. The graph shows that the shell radiator electrode 
maintains the lowest minimum electrode temperature over the ablation period. Therefore, the 
electrode region adjacent to the electrode-tissue interface remains the coolest over the ablation 
period for the shell radiator electrode; Within this region, the solid radiator design remains the " 
second coolest. The 8mm electrode designs have higher minimum electrode temperatures than 
the radiator designs. The 4mm electrodes have the highest minimum electrode temperatures of 
all the configurations during the first eighty seconds of the cycle. At about eighty seconds the 
minimum temperatures of the 8mm solid design and 4 mm shell design have similar values. 
After the first ten seconds of the ablation period, the minirnum electrode temperature for all 
configurations remained somewhat stable. 

Figure (21) is a graph of the maximum electrode temperature during & 120-second 
ablation period for all the electrode-configurations. As in Figure (21), the maximum tissue 
temperature during the ablation, for each configuration is 65°C. The graph shows that the solid 
radiator electrode maintains the lowest maximum electrode temperature during the first sixty 
seconds of the ablation cycle. Therefore, the junction region remains the coolest during the first 
- sixty seconds for the solid radiator electrode. However, the 4mm electrode is slightly cooler 
during the second half of the ablation cycle. The rate of maximum electrode temperature 
increase is slightly higher for the 8mm electrode configurations than for the increase for the 
4mm electrode configurations. These differing rates of temperature increase account for the 

changes seen over the ablation cycle. The soEd versions of each configuration (radiaft^frirm; 

4mm) have a consistently lower maximum electrode J^perature oyer the ablation c^cle. This 
again implies that in the junction region the presence of more mass helps counter the heating due 
to material mismatches and interface geometry. 




4mm Solid Electrode 

4mm Shell Electrode 

8mm Solid Radiator Electrode 

8mm Shell Radiator Electrode 

8mm Solid Electrode 

8mm Shell Electrode 



0 10 20 30 . 40 50 60 70 80 90 100 110 120 



Time (Seconds) 




Results and Discussion (continued) 
Field Results 

Figures (22), (23) and (24) depict the temperature fields, potential fields, and the 
potential gradient fields respectively for each electrode configuration. All fields are shown at a * 
maximum tissue temperature of 65°C. As previously mentioned, the temperature fields show 
the minimum electrode temperature regions adjacent to the tissue-electrode interface. The 
regions with the maximum electrode temperatures are Ideated at the junction of the electrode 
and the catheter tip material. The potential fields for the 8mm electrode configurations are of 
Similar size. This indicates that the area of current flow and the heating volume will be similar 
for the 8mm configurations {radiator as well as standard). This accounts for the similar 
impedance values found in Table (4). This also accounts for the feet that at equal power settings 
the 8mm configurations create lesions of equivalent depths as shown in Figure (25). The 4mm 
potential fields are much smaller than the 8mm potential fields. Therefore the area of current 
flow and the heating volume are much smaller when compared to the 8mm electrode 
configurations. This accounts for the higher impedance values shown in Table (4). At equal 
power settings the 4mm electrode will create deeper lesions when compared to the 8mm 
electrode configurations. However, as shown in Table (4), for a 4mm electrode, the operating 
range is 5W to 14W (HH004) whereas for the 8mm configurations, the operating range islOW 
to 28W (H== 004). The operating range is defined as the voltage range and power range required 
to create maximum tissue temperatures ranging between 55°C and 95°C during an ablation cycle 
(60 seconds). The maximum lesion depth ranges between 4.6 1 to 4:63 for 4mm configurations 
at H= 004 in the previously mentioned power range. The maximum lesion depth ranges between 
5.01 to* 5.24 for 8mm configurations at H= 004 in the previously mentioned power range.. 
Therefore even thoug h the 4mm configurations create deep er lesions for a given power setting, 

. the 8mm configurations create d eeper lesions for comparable operati ng ranges"<fefined~with ~ - ~ — 

respect to maximum tissue temperature. As indicated in equation (3) the current densityls 

proportional to the gradient of potential field, Thus, Figure (24), shows areas of high current 
density occurring at the electrode tissue interface junction and at the electrode-tip junction. 

Conclusion 

The minimum electrode temperature evaluations are more reflective of the cooling 
effects of the radiator design. The minimum electrode temperature evaluations' show that the 
radiator design caaprovide a deeper lesion for a given minimum electrode temperature. This 
improvement in lesion depth for a given minimum temperature is enhanced at higher flow rates. 
ClinicaUy, this wouldbe very beneficial, given that currently it is more difficult to make deep 
lesions in high flow areas. However, spot heating at the electrode-tip junction compromises the 
effectiveness of the design. I would recommend that this matter be resolved in any proposed 
design. 

Furiher Analysis Work 

This analysis work assumes a convective heat boundary condition. With the current 
tools we are notable to evaluate the details of the fluid field and its effects. The ability to 
perform such analysis will help us to better define potential coagulation hazards. 



1 




t{}dd(j uoisaq 



&o assess. » 



iffliii! 




"Him 



11323353 







13133535 

9a3«nSSS 




iiiliii 



jiiiiiiii 




GHHSi 



llfiili! 

SSSSSSSb 

fllflfli 

iiilllii 



I1S53ISS 



13533131 



38X33389 



ISSSSiSS 



3 9 313 3 3 

«j o a a d « •* 



Uilii 




"Ham 



31SSS3S2 



I 2 5 g 5 | S I 



HSIIIII 



ISliSSI 



S S i g I 3 9 



1 1 1 1 1 1 1 



Hill 



13111! 



13333331 



333S3323 



I - 



. Jilill 

mull 

mint 



"Him 



3 3 3 3 a § | § 



33398533 



i§5li§23 



IIS! 

ilii: 



11133523 



nriisTs 



3H 33 5 3S 



mmi 



mm 



13133333 



Mlliltl 



HIITfTT 



33133333 



iTiiTfiT 



'iimn 



§1233 53 3 



31533355 



5331111 



ITflilil 



siiiiiii 



33331313 



31111111 



f.8S?BS;Sl 

iillilll 



"33311111 



illilii 




33313355 



11111313 



S33 iiii 



Miiiiii 



iiiiili 



|||||||| 

iillilll 



1 3 3 3 3 3 2 2 



ssssms 



imTOT 



mnm 



131333=5 



I iiiiili 



mini 



iiiiili 



3J333S2 



»33333S 



lijjjp 



31333353 



33Si23S3 



mum 



3333333 



mm 



iiiiiiii 



3IIiii.fi 



33iiiii 



1 1 



iilillif 



3||3|||| 

liiiiil 



mum 



§1553335 



nmrn mmu mmn 



illliisl 



ill 



33333333 



33333313 



SSS Ii||l 



i I 5 2 5 S 



91 i 93 IS S. 



51SS5335 



UU1IU- a g § § |4|-|_p-§4.t|4| 



nrnm 



3 a e ? a s : 



33332132 



S 1 S S i 



mil 



9ISI99ES. 



mum iTiUfH 



3 5 



IjllJIIi 



■aims 



13 



IISS5 333 



inrnu 



mum 



mum 



SlTilTal : iTST!"!T§ nTsTTsl 



33333333 



§2332111 



HI 



Iilillil 



31111111 



§3511151 



nrnm 



liliiiig 



1131111 



3358 8339, 



aasssssa 
5| Iji 



'iim 



35353333 



3333131 



33131311 



isSSisgl 



33333333 



95S5S533 
' - - 3 ? a 1 1 



iiiiiiii §1113111 



iilillil 31111111 



S3S3S333 



§3511111 



UH.UM 



SlTiTTsT 



Iil§§§33 



i i i 1 1 1 1 1 



93992333 




9JtyDJ3dlU9£ 3nssi£.umiuixop{ 




ttfddQ uojsaj 



I I I 




This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 



^Ji^MAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 



^J^EFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 
□ OTHER: . 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 





